Among the mechanisms which have been proposed to account for the breakdown of vascular homeostasis following protracted hemorrhagic shock, the two receiving most attention--a derangement of iron metabolism, and the release of bacterial endotoxin--have usually been considered as separate, unrelated entities. However, certain past findings and several of our own recent observations have led us to consider the possibility that both of these factors affect common mechanisms during shock. First, it has been known for many years that iron metabolism is greatly altered in a variety of infections and toxemic states. Serum iron levels are decreased (1), while the deposition of iron as hemosiderin in reticuloendothelial (RE) cells is greatly increased (2). It has been suggested that the hemosiderin-iron may inactivate toxins phagocytized by the RE cells during these states (3). This view has received additional support in a series of experiments recently repeated by Heilmeyer (2), showing that iron is capable of detoxifying several bacterial exotoxln.~ under in vitro conditions. Second, comparison of hemorrhagic shock with other forms of shock, including acutely lethal endotoxemia, has shown that the elevation in plasma iron originally described in hemorrhagic shock does not appear in other, normovolemic shock states. On the contrary, plasma iron tends to decrease in these shock states. These depressions can be temporarily inhibited by injecting a collodial agent known to block the reficuloendothelial system (4). The uptake of circulating iron by the phagocytic cells of shocked animals (except hemorrhage ) would be consistent with the accelerated uptake of iron by the reticuloendothelial system reported during other stress reactions. In hemorrhagic shock, on the other hand, the iron pattern is reversed. The hyperferremia which follows hemorrhagic hypotension may be the result of the depressed functional activity of the reticuloendothelial system (5) in conjunction with an in-*
DETOXI~YING ACTION OF IRON
hibition of the oxygen-dependent, iron-incorporation mechanism of the RE cell (6) . The foregoing considerations led us to postulate that the greatly increased susceptibihty to bacterial endotoxins which follows even brief episodes of hemorrhagic hypotension (7) may be due to an inhibitory action of hypoxia on the uptake of iron by RE cells. Implicit in the above observations is the suggestion of a functional interplay between deranged iron metabolism and bacterial endotoxins in hemorrhagic shock. Therefore, experiments were undertaken to study the detoxifying function of iron in more detail. These experiments deal, first, with an extension of Heilmeyer's in vitro studies of the detoxification of bacterial exotoxins by iron, and then proceed to a similar study of the detoxification of Gram-negative bacterial endotoxin by iron.
Materials and Methods
Solutions of toxins with and without iron or other test substances were incubated at 37°C. with shaking, for 6 hours. Three different toxins were employed: Clostridium pcrfringens alpha toxin, CorynebactcrSum diphtheriae toxin and E~ch~richia coli endotoxin. Two preparations of perfringens alpha toxin z were obtained from Dr. H. E. Noyes of the Waiter Reed Army Medical Research Center. The MLD/100 dose for both of these preparations in male, CFW mice weighing 25 to 30 gin. was 5 rag. when injected subcutaneously. Diphtheria toxin was prepared by Dr. J. W. Uhr from a culture filtrate of the PW 8 strain grown on Meuller and Miller's medium (9) and was partially purified by ammonium sulfate fractionation and dialysis. The preparation contained approximately 100,000 MLD/100 guinea pig doses per ml. Injections of highly diluted diphtheria toxin were made subcutaneously into albino-I-Iartley guinea pigs. Partially purified gschcrichia coli lipopolysaccharide (endotoxin) was prepared by the Difco Laboratories, Detroit, according to the method of Landy (10) . Intravenous injections of 200 ug. of this material per kg. of body weight constituted an LD/50 dose for rabbits.
In addition to the lethal effects of gschcri~hia coti endotoxin, several of its other biological properties were studied in rabbits after incubation of the toxin with iron. These included the local and generalized Shwartzman reactions (11) and the pyrexic response to endotoxin (12) . Rabbits are extremely sensitive to both of these effects of endotoxin and since even fractions of the relatively small doses of toxin employed in the experiment will normally result in Shwartzman reactions and febrile responses in these animals, it was felt that the use of such tests would provide further information on the completeness of the in vitro detoxification reaction. The local Shwartzman reaction was produced in the skin of rabbits by injecting 50 ug. of Esthetic, bin cots endotoxin intrarlermally followed by an intravenous injection of 50 ug. of endotoxin in the same animal 18 to 24 hours later. Local Shwartzman reactions were also produced according to Thomas (13) involving an intradermal injection of 100 ~g. epinephrine (adrenaline chloride, Parke, Davis and Company) followed immediately by 5 to 50 pg. of endotoxin given intravenously. Generalized Shwartzman reactions were produced in rabbits by 2 intravenous 50 ug. doses of FAeherixhia ¢oti endotoxin spaced 18 hours apart. Eighteen to 24 hours later the animals were killed and their kidneys examined in the gross and microscopically for signs of renal cortical necrosis. Temperature elevations in rabbits 1 Prepared as a lyophilized, dialyzed, ammonium sulfate precipitate of veal-dextrin culture filtrate (8) .
were measured with subcutaneous and rectal probes (thermistor, Waters Co., Rochester, Minnesota) 2 hours after the intravenous injection of small doses (4 t~g.) of Esckerizhia coli endotoxin. In all experiments involving Escker/ch/a cdi endotoxin in rabbits, the susceptibility of each animal to the endotoxin preparation was verified by including a control skin site injected with a mixture of 100 ~g. of epinephrine plus 10 to 15 ~g. of endotoxin. Rabbits not tolerant to endotoxin invariably exhibit hemorrhagic necrosis in skin sites thus prepared. 
Effects of Otker Metals on Lethality in
M/ce.--The effects of several other divalent metals upon the lethal properties of alpha toxin were also determined and are listed in Table I . Incubations were carried out with divalent magnesium, manganese, zinc, copper, and cobalt,--in addition to iron. A uniform concentration of metals was employed, except in the case of magnesium when the molar concentration was twice that used for other metals. In the experiments with magnesium, manganese, and zinc, in which metal-incubated toxin solutions proved fully lethal, other animals were used as controls to test for the toxic effects of the metal salts themselves. Since none of the mice succumbed to these salts in the doses used, death of test animals in these cases was interpreted as evidence against a protective action of the metals. The results summarized in Table I show that, in addition to iron, copper and (to some extent) cobalt when incubated with alpha toxin in vitro gave protection against the lethal effects of the toxin in mice.
Effects of Reducing Agents on Lethality in mice.--Since
Heflmeyer (2) found that certain organic reducing agents had also inactivated tetanus and Table I . In order to prevent acid hydrolysis of the toxin during incubation with ascorbic acid and cysteine and to minimize tissue trauma at injection sites in test animals, a 0.1 ~ phosphate buffer solution was used as the suspending medium in these experiments. A control solution of alpha toxin incubated in buffer alone was also injected. Both cysteine and ascorbic acid, in the concentrations indicated in Table I , protected mice from the lethal effects of the toxin.
Effects of Metals and Reducing Agents on Solubility of Alpha Toxin.-
As indicated in Table I , after incubation with certain metal salts, the solution of toxin became markedly turbid. These changes were most pronounced after iron and copper treatment; slight decreases in solubility were observed after incubation with other metals; no alterations in solubility of the toxin occurred after treatment with organic reducing agents.
Restoration of Toxic Properties of Alpha Toxin after Interaction with Iron.-
When iron-incubated alpha toxin was treated with metal chelating agents, there was a complete resolubilization of the toxin. As shown in Table  II , versene (sodium tetra, ethylenediaminetetracetate) (EDTA) and sodium citrate proved equally effective. Restoration of solubility with sodium citrate could be accomplished at close to neutral pH, even though the chelating action of citrate is most effective in the acid pH range. On the other hand, dialysis of the altered toxin against 200 volumes of iron-free water for 24 hours in the cold failed to restore solubility. As can be seen in Table II , when the resolubilized toxin was tested in mice, it was found that the lethal properties of the material had been restored. These observations refer only to citrated solutions of the toxin, because, as shown in the table, versene itself neutralized the lethal effects of untreated alpha toxin when added just prior to its injection into mice. Although a citrate--iron-alpha toxin solution was lethal to half of the test animals, a control solution of citrate-iron alone proved innocuous. It was, therefore, concluded that the toxicity of the citrate resolubilized mixture was due to reactivation of the alpha toxin by the chelator and not to the presence of the chelator itself.
Diphtheria toxin 6. Effect of Iron on Solubility, and Letlutlity in the Guinea Pig.--Control
guinea pigs were injected subcutaneously with 1 ml. of an incubated, 1:3333 water dilution of the diphtheria toxin described under Methods. Test animals were injected with identical solutions incubated with ferrous sulfate. The results are shown in the first part of Table III . Diphtheria toxin incubated with iron was no longer lethal in guinea pigs. The appearance of scattered, orange, flocculent material in these incubated preparations was not surprising in view of the effects of iron upon the solubility of perfringens alpha toxin.
Since no such changes were seen in solutions of ferrous sulfate incubated alone, it appeared unlikely that the material was ferric hydroxide rather than insoluble diphtheria toxin. We have no explanation for the failure of Heilmeyer (2) to describe similar solubility changes in his iron incubation experiments with diphtheria toxin.
Restoration of Toxic Properties of Diphtheria Toxin after Interaction witk
Iron.--Soluble diphtheria toxin, unlike perfringens alpha toxin, did not lose its toxicity when mixed with versene just before injection. It was, therefore, possible to test the effect of this chelator upon the restoration of solubility and toxicity of diphtheria toxin which had been incubated with iron. The results are shown in the second part of Table III . Versene caused the toxin to go into solution and partially restored its toxicity. The resolubilized material was sufficiently toxic to eventually kill all of the test animals, but they survived much longer. A solution containing a mixture of iron and versene alone had no lethal effect. Table IV shows that 50 per cent of the rabbits injected intravenously with control aliquots of incubated endotoxin died, whereas a group injected with equal doses of endotoxin which had been incubated with ferrous sulfate uniformly survived.* As was the case with diphtheria toxin, endotoxin solutions incubated with iron and then treated with EDTA showed partial recovery of their lethal effectiveness when injected into rabbits (Table IV) . positive skin reactions. In view of the known biologic variability of rabbits with these materials, the reactivity of each animal was simultaneously tested in a separate skin site by the single intradermal injection of a mixture of epinephrine and endotoxin. Both groups were fully susceptible to the tissue° necrotizing effects of endotoxin--90 per cent in the control group and 100 per cent in the test group developing positive reactions. (b) The epinephrine-Skwartzman reaction: When rabbits are injected intradermally with epinephrine and immediately afterwards given small intravenous doses of endotoxin, hemorrhagic lesions closely resembling those induced in skin sites prepared by endotoxin develop at the site of the epinephrine injections (13) . In the experiments listed in Table IV , 70 per cent of all such rabbits showed a positive skin reaction with control endotoxin, whereas with endotoxin previously incubated with ferrous iron, the incidence of positive skin reactions depended on the amounts of iron used. As shown in the table, the incidence of epinephrine-Shwartzman reactions was unchanged (64 per cent) when the ratio of concentrations of endotoxin and iron was the same as that used previously in lethality and local Shwartzman tests. Since the dermal reaction to endotoxin can be produced in skin sites pretreated with epinephrine with extremely smaU amounts of material (as little as 0.1 #g. of endotoxin), other tests were performed using increased amounts of iron. Endotoxin incubated with relatively large amounts of iron (see Table IV ), no longer elicited a positive epinephrine-Shwartzman reaction.
Effect of Iron on Tissuc-Necrotizing actions in Rabbits.--(a) The local Skwartzman reaction induced by endotoxin:
(c) The generalized Skwartzman reaction: Table IV shows that 50 per cent of the rabbits treated with two sublethal, intravenous doses of endotoxin spaced 18 hours apart developed bilateral cortical necrosis of the kidneys (generalized Shwartzman reaction). A group of test rabbits treated in the same way, but with endotoxin incubated with iron, showed no gross or microscopic signs of the kidney lesion. Rabbits. --Rectal or subcutaneous temperatures were measured in three groups of rabbits immediately before and 2 hours after intravenous injections of test materials. Rabbits received either 4 t~g. of endotoxin, 4 t~g. of endotoxin + 1 #g. of iron, or 1 #g. of iron alone. Twelve rabbits were examined in each group. Although the data indicate great variability in febrile responses, it can be concluded that ferrous iron did not inhibit the pyrogenic effect of E. coli endotoxin, when present in the same proportion to endotoxin as that used to inhibit lethality and the local (endotoxin) and generalized Shwartzman reactions. The mean temperature change was --0.1°C. (essentially no change) for animals treated with iron alone, while both groups treated with endotoxin gave essentially the same mean responses (+0.8°C. after toxin and +1.2°C. after toxin and iron).
Effect of Iron on Pyrogenic Properties in

DISCUSSION
Over-all, the most important observation of these experiments, relative to the problem of shock, concerns the in vitro inactivation of E. coti endotoxin by iron. The possibility of a similar in vivo detoxification of Gram-negative bacterial endotoxins by iron is still purely speculative. However, this question warrants close study in light of the prolonged controversy regarding the role of abnormal iron metabolism and bacterial endotoxins in irreversible shock states.
The suggestion that iron may serve a detoxifying function in stressed animals was previously advanced by Heilmeyer (3) although his experimental evidence to support this claim is incomplete. The observation of increased iron clearance by RE cells during infection, tumor growth, and other stress states, although consonant with the suggested detoxifying function of iron cannot be used per se as evidence for such a function. The significance of the increase in susceptibility to bacterial toxins observed in iron-deficient animals (2) cannot be established without knowledge of the other effects of iron deficiency such as anemia. Similarly, the observation by Heilmeyer that pyrexal-treated animals showed an increased resistance to bacterial toxins, and that by Hettche of an increased detoxifl~ng capacity in animals treated for long intervals with iron (14) , must be evaluated on the basis of the general cytotrophic effect which pretreatment with colloidal material in general has on the reticuloendothelial system.
We have recently observed increases in resistance to endotoxin in rabbits pretreated with colloidal saccharated iron oxide (proferrin). The ability of endotoxin to produce both generalized and local Shwartzman reactions was abolished in one series of experimental animals pretreated with proferrin (15) . In experiments currently in progress the protective effect of proferrin-pretreatment is being compared with protection afforded by other colloids in doses designed to produce equivalent cytotrophic stimulation of the RES. The need to consider much broader effects on the reticuloendothelial system in relation to the increased resistance to bacterial toxins after iron-pretreatment is indicated by the fact that uptake of iron by RE cells is frequently preferential to the uptake of other colloids (16) . In our own observations, proferrin was almost twice as effective as thorotrast in competing with colloidal carbon for clearance by the reticuloendothelial system, despite the fact that thorotrast solutions contain three times the molar concentration of metal available in proferrin solutions. Iron, therefore, is also likely to be a superior stimulant of the reticuloendothelial system. More extensive studies designed to test the specific in dvo role of iron in the detoxification of bacterial endotoxins are clearly needed, particularly as concerns the role of abortive iron metabolism during hemorrhagic shock.
Another aspect of the in vitro inactivation of endotoxin by iron is the possible relationship between this system and that reported by Skarnes et al. as the endotoxin detoxifying component (EDC) of serum. The question arises whether EDC activity may not be due to transferrin-iron, or protein-bound copper in serum. Most of the evidence concerning the properties of EDC does not favor this view. EDC appears to be a heat-labile factor (17) with an alkaline pH optimum (18, 19) . On the other hand, although nothing is known of the effects of temperature and pH on the in vitro reaction between endotoxin and iron, the inactivation of tetanus and diphtheria toxins by hemosiderin is favored by an ac~ pH (2) . The detoxifying capacity of EDC is enhanced by chelating agents, presumably because of their binding of calcium which directly or indirectly suppresses EDC activity (20) . In contrast, we have found that irondetoxifying reactions are reversed by the addition of metal chelators. Finally, titration of EDC in human plasma has revealed that as little as 0.01 ml. of plasma can inactivate the Shwartzman preparatory activity of 10 /~g. of Serratia marcesce~ts endotoxin (20) . The maximal amount of elemental iron normally available in such a volume of plasma, assuming even complete release from its binding-globulin, would be 0.01 to 0.02 #g. This would necessitate an effective toxin/metal concentration ratio 100 times greater than that found to be effective in our experiments on the inhibition of the Shwartzman reaction by iron. These reasons make it unlikely that EDC can be identified as serumiron. Rather, available evidence suggests that EDC may be a highly specific alkaline phosphatase (19) with a special anion requirement (20) .
The observations by Heilmeyer (confirming others before him) of an in vitro detoxification of diphtheria toxin by iron is supported by the present study; his report of detoxification of tetanus toxin has been extended to include the alpha toxin of a related species, Clostridium perfringens. The detoxification of perfringens alpha toxin, however, does not appear to be an exclusive property of iron since both copper and cobalt produce some inactivation of Mpha toxin in vitro, as do several non-metallic substances (cysteine, ascorbic acid, versene). Nevertheless, the in vitro detoxiiication of alpha toxin by copper is in accord with the observations of Heilmeyer and others that copper metabolism is also altered during infectious states and that pretreatment with copper can also protect experimental animals from the lethal effect of bacterial toxins (3) .
With respect to the mechanism involved in the detoxificadon of alpha toxin, a number of observations are available. It is possible that bacterial toxins must combine with some physiological, divalent cation in order to manifest their toxic properties in animals. In this event, the prior complexing of a toxin with an ineffective metal (iron, copper) or the presence of a metal chelator (versene, ascorbic acid), might serve to inhibit toxicity through competition.
The toxicity of perfringens alpha toxin in the presence of citrate, however, cannot be explained by this hypothesis.
The detoxifying effect of iron is clearly reversible once the metal is released from its combination with toxin. This is true for all three toxins studied in these experiments. The action of citrate in resolubflizing perfringens alpha toxin at near neutral pH (6.0) suggests that iron is not strongly bound to alpha toxin during the process of desolubilization, since the chelation of iron strongly bound to protein is usually achieved by citrate only at pH's considerably lower than 6.0. On the other hand, the metal-toxin bond is apparently strong enough to prevent release of iron during dialysis. In any case, the fact that perfringens and diphtheria toxins tend to go out of solution following incubation with certain metals, including iron, points to the altered solubility of the toxins as a possible basis for the iron detoxification phenomenon. This view is further supported, although not proven, by the restoration of toxicity with resolubilization. In this regard, however, metals do not share a common detoxifying mechanism with the organic substances which effectively inactivate alpha toxin without causing obvious alteration in its solubility (cysteine, ascorbic acid, versene).
The precipitation of these toxins by iron and copper is probably not simply a reversible salting out of the proteins, but rather a result of some special property of the metals concerned. Magnesium sulfate solutions (even at twice the ionic strength of ferrous and cupric sulfate) produced only a faint trace precipitate and failed to detoxify perfrir~ger~ alpha toxin.
Reduction of toxins by a ferrous/ferric system and by the organic reducing agents cysteine and ascorbic acid is another possible detoxifying mechanism. Such an explanation will not account for the cuprous/cupric system which is a fairly active oxidizing agent. In those cases where detoxification was most effective--namely, after incubation with iron, cysteine, and ascorbic acid--pH measurements showed that acid or alkaline hydrolysis of toxic proteins was not a factor. The pH of iron and alpha-toxin incubation m~xtures was 4.7 and incubation of alpha toxin with cysteine and ascorbic acid was carried out in pH 7.3 phosphate buffer.
SUMMARY AND CONCLUSIONS
Mter incubation with various agents in dtro, the lethal effects of aqueous solutions of Cl. perfringens alpha toxin, C. diph~heriae toxin, and E. coli endotoxin were tested in mice, guinea pigs, and rabbits, respectively.
Iron, copper, cysteine, ascorbic acid, and versene counteracted the lethal effects of alpha toxin in mice, while magnesium, manganese, zinc, and citrate did not.
Iron also counteracted the lethal effects of diphtheria toxin in guinea pigs. Mter incubation of endotoxin with iron, its lethal effects and tissue-necrotizing actions in rabbits were counteracted. However, the pyrogenic properties of the toxin were not affected.
The solubilities of perfringens alpha toxin and diphtheria toxin were markedly reduced after incubation with detoxifying metals, and resolubilization of these toxins with chelators resulted in partial restoration of toxicity. Addition of versene to detoxified endotoxin also resulted in partial recovery of lethal effectiveness.
The inactivation of bacterial toxins by iron under in vitro conditions is not specific to this metal, is a reversible process, and may be due to desolubilization, reduction, or to competition by the metal for sites on the toxin normally bound by other cations in dvo.
Although no evidence is presented in this paper to support the view that there is a relationship between the inactivation of endotoxin and the storage iron in the reticuloendothelial system of shocked animals, the observation of an in vitro inactivation of endotoxin by inorganic iron warrants consideration of such a mechanism. BIBLIOGRAPHY 1. Heilmeyer, L., and PlStner, R., Das Serumeisen und die Eisenmangelkrankheit, Jena, Gustav Fischer, 1937.
